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Abstract: Compatibility with polychromatic radiation is an important
requirement for an imaging system using conventional rotating anode X-ray
sources. With a commercially available energy-resolving single-photon-
counting detector we investigated how broadband radiation affects the
performance of a multi-modal edge-illumination phase-contrast imaging
system. The effect of X-ray energy on phase retrieval is presented, and the
achromaticity of the method is experimentally demonstrated. Comparison
with simulated measurements integrating over the energy spectrum shows
that there is no significant loss of image quality due to the use of polychro-
matic radiation. This means that, to a good approximation, the imaging
system exploits radiation in the same way at all energies typically used in
hard-X-ray imaging.
© 2015 Optical Society of America
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1. Introduction
Thanks to its sensitivity to the phase shifts suffered by the X-ray beam when it passes through
a sample, X-ray Phase-Contrast Imaging (XPCI) extends the potential of conventional radiog-
raphy to applications where absorption contrast is insufficient to allow the visualization of the
details of interest [1, 2]. XPCI can be widely applied to fields as diverse as medicine, security
screening, biology and materials science. Several approaches have been developed to perform
XPCI using both synchrotron radiation and X-ray tubes [3–18].
Edge illumination (EI) [11] and its area-imaging implementation, often referred to as coded-
aperture [19], are XPCI techniques that enable the quantitative retrieval of amplitude, phase
and ultra-small-angle scattering information under practically negligible coherence conditions
[20, 21]. These methods are well suited for implementation with all types of sources including
synchrotron radiation [11], rotating anode [19, 20, 22] and microfocal [23] X-ray tubes.
We present here an experimental study of the achromatic properties of edge-illumination by
using a laboratory set-up based on a rotating anode X-ray tube and an imaging detector with
energy-resolved single-photon counting capability. While in other XPCI approaches, such as
grating interferometry, it was shown that the performance of the imaging system varies signif-
icantly across the energy range covered by typical polychromatic X-ray tube spectra [24, 25],
this is not the case for EI. We show that the illumination function, describing the characteris-
tics of the imaging system, has little variation in the energy range explored (5− 40 keV). In
addition, by comparison with a simulated integration over the energy spectrum, we find that
there is no significant image quality loss when more conventional integrating detector tech-
nologies are used with our method. On the one hand this means that a simple set-up allows
for an efficient exploitation of the wide energy spectrum produced by rotating anode X-ray
tubes. On the other, since the imaging system transmits all wavelengths in the same way, the
use of an energy-resolving detector opens the way to edge-illumination multi-energy X-ray
phase-contrast imaging [26].
2. Methods
We used a typical set-up for the laboratory implementation of edge-illumination XPCI, with
the inclusion of a detector with single-photon-counting and energy discrimination capabilities.
This is PiXirad, an innovative X-ray imaging sensor that counts individually the X-ray photons
and selects them according to their energy, producing a two-bins image with a single expo-
sure. The energy selection occurs in real time and at radiographic imaging speed (GHz). The
building blocks of the imaging system are two-side buttable semiconductor radiation detectors
(pixellated CdTe) coupled to a large area ASIC [27]. As sketched in Fig. 1, the X-ray beam is
shaped by the pre-sample mask into an array of independent laminar beams, aligned in such
a way that each of them impinges on an absorbing edge. A different fraction of each laminar
beam will reach the detector or be stopped by the second mask, depending upon the proper-
ties of the sample. In this particular set-up, the detector counts the number of detected photons
and discriminates their energy. In a typical laboratory experiment, relatively large sources and
short distances are used, which allows image formation to be described by geometrical op-
tics [28–30]. The intensity recorded by the image receptor can be written as [21]:
I(x)
I0
= (L∗O)(x−∆xR)t (1)
which holds independently for each pixel. I0 is the intensity passing through the pre-sample
aperture, L the illumination function, O the scattering distribution characteristic of the sample,
t the fraction of intensity transmitted, ∆xR = −∆θRzod the beam shift induced by refraction in
the sample (where zod is the distance between the object and the detector) and ∗ indicates the
convolution. The x direction is orthogonal to the beam propagation axis and to the apertures,
i.e. is the direction along which the system is sensitive to refraction.
By using the energy-resolving capabilities of the PiXirad detector, the contributions to the
total intensity coming from X-rays of different energy can be separated. This can be included
(a)
5 10 15 20 25 30 35 40
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
energy (keV)
n
o
rm
a
liz
ed
 n
um
be
r o
f c
ou
nt
s
(b)
Fig. 1. (a) Schematic of the experimental set-up: the polychromatic X-ray beam gener-
ated by a rotating anode X-ray source is shaped by the pre-sample mask M1, interacts
with the sample and is analysed by the detector mask M2 before being detected by an
energy-discriminating single-photon-counting detector pixel P. (b) Energy distribution of
the radiation directly measured with the detector used for this study.
in Eq. (1) by rewriting it as:
I(x,e)
I0(e)
= (L(e)∗O(e))(x−∆xR(e))t(e) (2)
where now all quantities characterising the imaging system, L(x,e) and I0(e), and the sample,
t(e), ∆xR(e) and O(x,e) are expressed as a function of the X-ray energy e.
Intensity projections I1,2,3 can be acquired by setting the masks’ displacement to x2 = 0 and
x1 =−x3, and the retrieval, described in a previous work [21], applied at each energy window:
t(e) = 2x1AMN(e)
√
pi
D(e)+C(e) I2(e)exp
[
1
24
(D(e)−C(e))2
D(e)+C(e)
]
∆xR(e) = x12
D(e)−C(e)
D(e)+C(e)
σ2M(e) =
2x21
D(e)+C(e) −σ2N(e)
(3)
whereC(e) =−2ln(I1(e)/I2(e)) and D(e) =−2ln(I3(e)/I2(e)). Furthermore, the iterative cor-
rection procedure which is used to take into account the presence of an offset in the illumination
function [31], can also be applied to the measurements corresponding to each energy bin.
The experimental set-up is based on a rotating anode X-ray tube (Mo target, Rigaku MM007)
and an energy-resolving single-photon-counting detector (Pixirad-1 X-ray detection system,
Pixirad Imaging Counters s.r.l., Italy). The masks were manufactured by Creatv Microtech
(Potomac, MD) and had pitches p1 = 79 and p2 = 98 µm and apertures a1 = 23 and a2 = 29
µm, respectively for the pre-sample M1 and detector M2 masks. They were made of a 150
µm thick gold layer, electroplated on a graphite substrate, with a field of view of 4.8× 4.8
cm. The distances between the source and M1, and between M1 and M2, were 160 and 40 cm
respectively. The Pixirad-1 pixels are hexagonal [27] which results in two different pitches, 52
and 60 µm, along the two orthogonal directions in the detector plane. For this experiment we
oriented the detector with the 52 µm pitch aligned with the x direction and we also skipped
every other column by using a line-skipped [32] mask design. The resulting imaging system is
not affected by the hexagonal shape of the detector pixels, i.e. it behaves in exactly the same
way as if the pixels were squared. The X-ray tube was operated at 40 kVp and had a focal spot
of about 70 µm. The energy threshold of the detector was scanned between 5 and 40 keV so as
to count photons with 2 keV bins over the entire energy spectrum of the source [33].
To compare the performance of the imaging system with and without energy-resolving ca-
pabilities, we did the following. The images were retrieved by using the illumination functions
and intensity projections recorded at each energy bin and applying Eq. (3), followed by the iter-
ative procedure to correct for the offset of the illumination function. After the retrieval, images
corresponding to different energies were summed (weighting with the X-ray spectrum), and the
result was compared to the images calculated by using the integral illumination function and
intensity projections (obtained by summing the detected intensities in all the energy bins) and
performing a single retrieval. The signal, taken as the maximum difference between the positive
and the negative peak, and the noise, taken as the standard deviation of a region of interest in the
vicinity of the sample, were measured in each refraction image, and the signal-to-noise ratios
compared. Energies below 13 keV were discarded because a relatively large number of multi-
ple counts were contained in these energy bins. This was primarily due to charge-sharing [33]:
if the charge carriers generated by a single interacting photon are collected by several pixels,
this results in multiple lower-energy counts. In the experimental conditions we used, one would
expect only 7% of the total number of photons to be at energies below 13 keV, which means
that their removal has limited impact on the performance analysis. The energy bins above 35
keV were also discarded during the analysis, due to the extremely limited statistics. It should
be noted, however, that the problem of charge sharing can be substantially mitigated by using a
more sophisticated read-out scheme [34].
The samples used in this study were cylinders of various materials: sapphire (diameter 250
µm), PET (diameter 100 µm), PEEK (diameter 150 µm) and nylon (diameter 300 µm). A
cylindrical cross-section box with a thickness of about 800 µm, filled with 10 µm diameter
borosilicate spheres, was used for the ultra-small-angle X-ray scattering measurements.
3. Results
Figure 2 shows the retrieved images for the sapphire cylinder sample. Refraction is shown in
Figs. 2(a)-2(c), while transmission in Figs. 2(d)-2(f). Three energy bins are reported: 13− 15
keV in Figs. 2(a) and 2(d); 17− 19 keV in Figs. 2(b) and 2(e); 21− 23 keV in Figs. 2(c) and
2(f). A higher contrast can be observed for lower energy while statistics is best in the central
images, due to the presence of molybdenum line emissions.
The comparison between the SNR obtained using the energy-resolved data SNRe and the
integrated data SNRi showed that the two processes produce comparable results to within a few
percent variation. The obtained values of {SNRe,SNRi} were {46,50} for the sapphire sample,
{23.2,23.5} for the nylon sample, {17.5,17.3} for the PEEK sample and {14.6,15.3} for the
PET sample, respectively.
Due to the use of large apertures and source size, with relatively short propagation distances,
all the wavelengths are transmitted in the same way by the imaging system. This means that
the whole energy spectrum is used to generate contrast in the projection images and therefore
that edge-illumination- and coded-aperture-based systems can be considered achromatic. This
is experimentally demonstrated in Fig. 3, where the parameters characterising the illumination
function are measured across the energy spectrum at 1 keV intervals. The parameters show
little variation as a function of energy, this includes the offset of the illumination function,
which originates from two principal sources. One is the partial transmission of X-rays through
the absorbing septa of the masks, and the other is the presence of long tails in the intensity
distribution of the source. The masks used in this experiment were relatively thick, and no
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Fig. 2. Retreived (a)-(c) refraction and (d)-(f) transmission images of the sapphire cylinder
sample. Three energy bins are shown here: 13− 15 keV (a) and (d), 17− 19 keV (b) and
(e), 21−23 keV (c) and (f). Contrast is higher for lower energies while statistics is best for
the central energy interval, corresponding to the molybdenum line emission.
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Fig. 3. Illumination function of the imaging system measured at different energies by using
an energy-resolving single-photon-counting imaging detector. (a) Parameters measured at 1
keV intervals across the whole energy spectrum of the X-ray source and (b) visual compar-
ison of the illumination functions measured dividing the counts into four energy intervals
16−20, 21−25, 26−30 and 31−35 keV.
significant dependence upon the energy was observed for the offset: we therefore attribute the
small offset that is still observed in these data primarily to the long tails in the shape of the focal
spot. The relative amount with which each wavelength contributes to the contrast in the final
image depends also on the variation in efficiency of the detector as a function of energy. This
can be considered uniform in our experiment as the probability of interaction within 650 µm
of CdTe is practically 100% up to 40 keV.
The same concepts can be applied for the ultra-small-angle X-ray scattering signal. Figure
4 shows the comparison between signal Si,e and backgrounds BGi,e obtained by using the in-
tegrated and the energy-resolved data. A small shift, as well as a slight change in width, can
potentially be observed between Si and Se. This effect is, however, very small if compared to the
full width of the distribution of both signals, making it difficult to separate it from the random
fluctuations. While the quantitative equivalence of the results is demonstrated by the histogram
Fig. 4. Ultra-small-angle X-ray scattering, comparison between the signals obtained using
the integrated Si and the energy-resolved Se data, and the corresponding backgrounds.
in Fig. 4, the images can also be visually compared in Fig. 5. The integrated data are shown
in Fig. 5(a) and the energy-resolved data in Fig. 5(b). By defining the signal-to-noise ratio as
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Fig. 5. Visual comparison between (a) integrated and (b) energy-resolved data for the ultra-
small-angle scattering image of the microspheres sample. Also by visual comparison the
two images appear very similar one to each other.
the average of Si,e divided by the sum in quadrature of the standard deviations of Si,e and BGi,e,
we obtain SNRi = 6.9 and SNRe = 7.1 for the integral and the energy-resolved measurement
respectively.
4. Conclusions
We experimentally investigated how an edge-illumination based multi-modal phase-contrast
imaging system responds to radiation at different X-ray energies by exploiting the spectroscopic
capabilities of the PiXirad detector. The illumination function of the system showed minimal
dependence on the X-ray energy in the range 5−40 keV. This means that the imaging system
generates contrast at all wavelengths simultaneously and the energy dependence of the signal
is due to the sample itself, while the imaging system responds to different energies in the same
way. This offers the possibility of performing multi-energy X-ray phase-contrast imaging by
means of edge-illumination, thereby exploiting the full broadband of conventional X-ray tube
sources. A comparison between a measurement simulating the integration over the energy spec-
trum and an energy-resolved one, demonstrated that very similar image quality is obtained, thus
confirming that no significant losses are caused by the use of more widely available integrating
detector technologies.
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